Muscle-specific kinase (MuSK) is an essential receptor tyrosine kinase for establishment and maintenance of the neuromuscular junction (NMJ). Activation of MuSK by agrin, a neuronally derived heparan-sulfate proteoglycan, and LRP4, the agrin receptor, leads to clustering of acetylcholine receptors on the postsynaptic side of the NMJ. The ectodomain of MuSK comprises three immunoglobulin-like domains and a cysteine-rich domain (Fz-CRD) related to those in Frizzled proteins, the receptors for Wnts. Here, we report the crystal structure of the MuSK Fz-CRD at 2.1 Å resolution. The structure reveals a five disulfide-bridged domain similar to CRDs of Frizzled proteins, but with a divergent C-terminal region. An asymmetric dimer present in the crystal structure implicates surface hydrophobic residues that may function in homotypic or heterotypic interactions to mediate co-clustering of MuSK, rapsyn, and acetylcholine receptors at the NMJ. Keywords crystal structure; Frizzled; MuSK; neuromuscular junction; receptor tyrosine kinase Formation of the vertebrate neuromuscular junction (NMJ) requires a complex exchange of signals between innervating motor neurons and muscle cells, resulting in a highly specialized postsynaptic membrane and a differentiated nerve terminal. 1 The receptor tyrosine kinase (RTK) MuSK (muscle-specific kinase) is essential for prepattering acetylcholine receptors (AChRs) in muscle prior to innervation and for agrin-induced AChR clustering during formation of the NMJ. Mice lacking MuSK fail to establish muscle prepatterning, are devoid of functional NMJs, and die at birth due to a failure to breathe. 2,3 Agrin, a neurally derived heparan-sulfate proteoglycan, activates MuSK and stabilizes nascent NMJs by binding to LRP4 (low-density lipoprotein receptor-related protein-4), which forms a complex with MuSK. 4, 5 
Impairment in the establishment or maintenance of AChR clusters, or defects in the function of AChRs, is associated with disorders in neuromuscular transmission, including myasthenia gravis and congenital myasthenic syndromes (CMS). 6, 7 MuSK comprises three immunoglobulin (Ig)-like domains, a cysteine-rich domain (CRD) related to that of the Wnt-receptor Frizzled, a transmembrane helix, and a cytoplasmic tyrosine kinase domain (Figure 1(a) ). The first and second Ig-like domains of MuSK (Ig1-2) are crucial for agrin-induced MuSK activation, 8 and we previously reported the crystal structure of MuSK Ig1-2. 9 This structure showed that Ig1-2 are configured in a linear, semi-rigid arrangement, and revealed hydrophobic residues on the surface of Ig1 that are required for activation of MuSK by agrin.
The MuSK CRD was originally classified as a C6 box plus an additional Ig-like domain (Ig4). 10, 11 It was subsequently identified as a Frizzled-like CRD (Fz-CRD), defined by ten cysteine residues forming five disulfide bonds, 12, 13 although the MuSK Fz-CRD shares less than 20% sequence identity with Frizzled CRDs. Frizzled proteins are seven-pass transmembrane receptors that bind members of the Wnt family of secreted glycoproteins via their extracellular CRDs. 14, 15 In addition to MuSK, Fz-CRDs are present in the non-Frizzled proteins smoothened, 16 carboxypeptidase Z, 17 and the RTKs Ror1 and Ror2. 12, 13 The role of the Fz-CRD in MuSK was partially addressed through deletion studies, in which full-length MuSK lacking the Fz-CRD was expressed in MuSK −/− myotubes. These studies showed that the Fz-CRD is dispensable for agrin-induced MuSK activation and AChR clustering, but that its absence affects the ability of MuSK to co-cluster with rapsyn and AChRs. 8 Therefore, the MuSK Fz-CRD might mediate a direct interaction between MuSK and AChR on the cell surface or could bind to an unknown transmembrane protein-the so-called RATL (rapsyn-associated transmembrane linker) 18 -to bridge MuSK and cytoplasmic rapsyn. Whether the Fz-CRD in mammalian MuSK acts solely as a structural scaffold for MuSKrapsyn-AChR co-clustering, or whether it regulates co-clustering by binding a Wnt or another secreted ligand, is not known.
Structure of MuSK Fz-CRD
To obtain insights into the function of the Fz-CRD in mammalian MuSK (also referred to as MuSK-CRD in the following), we have determined the crystal structure of rat MuSK-CRD at 2.1 Å resolution. Data collection and refinement statistics are given in Table 1 . The crystal structure reveals that MuSK-CRD adopts the mainly α-helical fold observed for the CRDs of Frizzled-8 (Fz8-CRD) and secreted Frizzled-related protein-3 (sFRP3-CRD), 19 with the ten cysteine residues incorporated into the same five disulfide bonds (Figure 1(b) ). There are two short N-terminal β strands (β1 and β2) and either three (α1, α3, and α4) or four (plus α5) α helices in the two copies of MuSK-CRD in the asymmetric unit.
For the majority of the MuSK-CRD structure (residues 314-409), the two copies in the asymmetric unit superimpose well, with a root-mean-square deviation of 1.1 Å for 96 Cα positions. However, in the C-terminal half of the domain, between residues 410 and 431, the two copies diverge significantly (Figure 1(c) ). In one MuSK-CRD molecule (copy A), this region contains an α helix (α5, residues 410-423), while in the second molecule (copy B), this segment is coil-like, and residues 421-428 interact with residues in copy A (see below).
The two MuSK-CRDs in the asymmetric unit are packed as an asymmetric (non-two-foldrelated) dimer whose interface is predominantly hydrophobic (Figures 2(a) and 2(b) ). The interface buries 1,633 Å 2 of total surface area (next largest interface in the crystal is 890 Å 2 ), has a shape complementarity (sc) value of 0.74, 20 and a PISA complex significance score (CSS) of 1.0. 21 These interface metrics are consistent with biologically relevant protein-protein interactions. The principal contacts are made by Leu365, Tyr397, Leu404, Phe405, and Tyr452 from one MuSK-CRD molecule (copy A), and Tyr341, Pro342, Ala347, Leu350, Leu351, Tyr422, and Phe428 from the second molecule (copy B) (Figure 2(b) ). These residues are well conserved in MuSK across species, but are not conserved in Frizzled CRDs nor in Ror1 and Ror2 (Figure 3(a) ).
Formation of this asymmetric dimer is contingent upon the absence of α5 in copy B of MuSK-CRD; an intact α5 in copy B would sterically clash with copy A (Figure 2(c) ). Two glycines in α5 (Gly415 and Gly420) are likely responsible for the quasi-stability of this helix. Gly420 is conserved in all MuSK species, whereas Gly415 in rat and mouse MuSK is a glutamic acid in human and other primates, chick, and zebrafish (Figure 3(a) ). In the crystal lattice, α5 is packed against another A-type (α5-containing) MuSK-CRD along the P2 1 screw axis, suggesting a possible mode of MuSK self-association on the cell surface.
Although the isolated MuSK Fz-CRD behaves as a monomer in solution, as judged by sizeexclusion chromatography (loading concentration up to ~1 mM) and static multi-angle light scattering (data not shown), the Fz-CRD in full-length MuSK is approximately 40 residues Nterminal of the transmembrane helix, which, through reduction in dimensionality (from three to quasi-two dimensions), could significantly enhance the dimerization propensity of the Fz-CRD. A MuSK Fz-CRD homotypic interaction at the cell surface could potentially contribute to stabilization of either an inactive or active dimeric form of MuSK (with respect to the disposition of the cytoplasmic kinase domains). With regard to the Ig1-mediated dimer observed in the Ig1-2 crystal structure, 9 based on the presumed linearity of the three Ig-like domains, the Fz-CRD dimer would likely bridge two such dimers (trans, resulting in higherorder oligomerization) rather than contributing to the Ig1-mediated dimer (cis).
N-linked glycosylation
Two N-linked glycosylation sites are present in MuSK-CRD, 22 Asn338 and Asn459. Recombinant MuSK-CRD purified from insect cells, with a calculated molecular weight (protein) of 22 kDa, migrates on SDS-PAGE as a diffuse band of apparent molecular weight 30 kDa. Treatment of MuSK-CRD with endoglycosidase F results in faster migration (data not shown), supporting the conclusion that MuSK-CRD as expressed in insect cells is glycosylated. Glycoproteins expressed in insect cells typically contain high-mannose Nglycans of the form (Man) n GlcNAc 2 . In the crystal structure of MuSK-CRD, electron density for two N-acetylglucosamine (NAG/GlcNAc) groups are visible at Asn338 (end of β2) in both copies of MuSK-CRD. The C6 hydroxyl group of the first NAG on Asn338 in copy B makes two contacts (Figure 2 (d)): one intramolecular hydrogen bond with the side chain of Tyr341 (copy B), and one intermolecular hydrogen bond with the side chain of Glu403 (copy A). Glu403 is also hydrogen-bonded to the C2 acetamido nitrogen of the second NAG. Thus, the intermolecular carbohydrate interactions mediated by Glu403 could contribute to stabilization of the MuSK-CRD asymmetric dimer. Asn338 and Glu403 are conserved in other MuSK species including Torpedo californica (Figure 3(a) ). Glycosylated Asn459 is located in a variably spliced insert in the C-terminal region, beyond the last cysteine of the domain, and in the crystal structure is disordered in both MuSK-CRD copies.
Comparison with Frizzled CRDs
Despite the similarity in the overall folds of MuSK-CRD and Fz8-CRD-root-mean-square deviation (r.m.s.d.) of 1.4 Å in the ten cysteine Cα positions-there are significant structural deviations which lead to an r.m.s.d. of 3.1 Å over 111 Cα positions (Figure 3(b) ). The major deviation is found in the C-terminal half of the domain, where an 11-residue insertion in MuSK-CRD relative to Fz8/sFRP3-CRD forms the aforementioned α5 in copy A (Figures 3(a) and 3  (b) ). In copy B of MuSK-CRD, the conformation of this region is also divergent from that in Fz8/sFRP3-CRD (necessarily, because of the large insertion). Other differences in structure are found in the β2-α1 loop and in α1 (Figure 3(b) ). Instead of the two relatively short helices α1 and α2 in Frizzled CRDs, there is a single extended helix (α1) in MuSK-CRD.
Another unique structural feature of MuSK-CRD is a one-residue insertion at the end of α4. In Fz8/sFRP3-CRD, α4 starts before the seventh disulfide-bridged cysteine (Cys80) and extends beyond the eighth cysteine (Cys91) (Figure 3(b) ), whereas in MuSK-CRD, there is a one-residue insertion, Leu404, prior to the eighth cysteine (Cys406) (Figure 3(a) ). This insertion creates a bulge in α4 (technically terminating the helix), exposing to solvent Leu404 and Phe405 (Figure 3(b) ), which (in copy A) are situated in the asymmetric dimer interface (Figure 2(b) ). Leu404 is conserved in all species of MuSK, and Phe405 is either phenylalanine or tyrosine. This one-residue insertion is present as well in the Fz-CRDs of the RTKs Ror1 and Ror2 (Figure 3(a) ).
In the crystal structures of Fz8-and sFRP3-CRD, a non-crystallographic dimer (symmetric) is present, which, in both cases, is mediated by residues in the α3-α4 loop and in the C-terminal segment. 19 These residues do not overlap with those that constitute the MuSK-CRD asymmetric dimer interface (Figure 3(c) ). Fz8-and sFRP3-CRD are also monomeric in solution, yet the semi-conserved dimerization interface suggests that they may form homo-or heterodimers on the cell surface. 19 This hypothesis is supported by the observation that Xenopus laevis Frizzled-3 forms CRD-dependent homodimers. 23 Furthermore, interactions between the Fz-CRD of Ror2 and the CRDs of Frizzled-2 and Frizzled-5 were observed by coimmunoprecipitation, suggesting that Fz-CRDs may heterodimerize to elicit specific responses. 24 
Wnt binding
Several studies have suggested potential roles for Wnt signaling in NMJ formation. However, canonical Wnt signaling through β-catenin has largely been discounted, as TCF/LEF-induced transcriptional upregulation has not been correlated with NMJ formation. 25, 26 A recent study indicates that Wnt3 in chick potentiates agrin-induced AChR clustering through non-canonical Wnt signaling involving the small GTPases Rac1 and RhoA. 27 However, whether Wnt3 acts through MuSK or a Frizzled protein was not addressed. In zebrafish, the interaction between Wnt11r and the Fz-CRD of MuSK/Unplugged was shown to be critical for AChR prepatterning. 28 Also relevant to Wnt-RTK interactions, Wnt3a and Wnt5a bind to the Fz-CRD of Ror2 to mediate cell polarization and migration. 24, 29, 30 The crystal structure of mouse Fz8-CRD permitted a detailed structure-function analysis of Wnt binding. 19 From these studies, it was concluded that the binding site for Wnt8 involves residues in the β1-β2 loop, the α3-α4 loop, and the C-terminal tail. The structure-based sequence alignment of the MuSK and Frizzled-8 CRDs suggests that the MuSK Fz-CRD is unlikely to bind Wnt8, due to lack of sequence conservation in these regions (Figure 3(a) ). Interestingly, the Fz-CRDs of RTKs that have been confirmed as Wnt binders (zebrafish MuSK, Ror1, and Ror2) all contain a Kringle domain (three disulfide-bonded CRD) just Cterminal to the Fz-CRD. Athough there is no evidence that the Kringle domain is necessary for Wnt binding, mammalian MuSK proteins lack this domain. Because LRP5 and LRP6 act as co-receptors of Wnts along with Frizzled proteins, 31 it is conceivable that LRP4, in addition to functioning as the agrin receptor, 4,5 could serve in muscle as a Wnt co-receptor. In the zebrafish study, 28 whether Wnt11r interacts with LRP4 as well as with MuSK/Unplugged was not tested.
Summary
The high-resolution crystal structure of the MuSK Fz-CRD provides a molecular basis for further functional studies of this domain, leading to a broader understanding of the complex signaling events downstream of MuSK that mediate clustering of AChRs at the NMJ. Several potential roles of the MuSK Fz-CRD include MuSK oligomerization, MuSK-RATL-rapsyn association, and Wnt binding. Additional cell biological and biochemical studies will be required to distinguish between these possibilities. 19 Accordingly, α1 is extended in MuSK-CRD relative to α1 in Fz8-CRD (PDB code 1IJY) 19 and there is no α2. Cysteine side chains are shown in ball-and-stick representation, and the sulfur atoms are colored yellow. The N-and C-termini are labeled N and C, respectively. (c) Stereo view of a superposition of the two copies of MuSK-CRD in the asymmetric unit. Copies A and B are colored green and blue, respectively. The orientation is approximately 180° from that in (b), rotated about a vertical axis in the plane of the figure. The arrows indicate where in the Cterminal half of the molecules the two copies diverge (div.) and converge (con.). Figures 1 and  3 were rendered with PyMOL (http://pymol.sourceforge.net). The MuSK-CRD structure was determined by single anomalous diffraction (SAD) phasing using SOLVE. 32 A total of eight selenium sites were identified (four per copy of MuSK-CRD) using data to 2.6 Å, with figure of merit (FOM) = 0.33 (Z-score = 33.5). Maximum likelihood density modification was performed with RESOLVE, 32 which yielded an interpretable electron density map into which three helices (from one copy of MuSK-CRD) were manually built. Because no noncrystallographic symmetry (NCS) was detected by SOLVE, molecular replacement (MOLREP 33 ) was performed with the three-helix structure as a search model to place the second copy of MuSK-CRD in the asymmetric unit. NCS operators from MOLREP were then input to RESOLVE, and NCS averaging and phase-extension were performed to 2.4 Å, resulting in a dramatic improvement in the quality of the electron density map (FOM = 0.61). Autobuilding was performed in Arp/wArp 34 , which successfully built 86 residues in copy A and 55 residues in copy B. Additional residues were built manually, and the partial model including 129 residues from copy A and 113 residues from copy B was refined against native data to 2.1 Å resolution. Model building was performed in Coot 35 and structure refinement in REFMAC. 36 The final model contains residues 314-454 in copy A (residues 313 and 455-494 are disordered) and residues 313-466 in copy B, excluding residues 457-461, which are disordered along with residues 467-494. Structure validation was performed with PROCHECK. 37 
Figure 2.
Asymmetric dimer formation. (a) The two copies of MuSK-CRD in the asymmetric unit are colored green (copy A) and blue (copy B). The orientation for copy A is the same as in Figure  1 Structural comparison of MuSK-CRD with other Fz-CRDs. (a) Structure-based sequence alignment of Fz-CRDs. The sequences of MuSK-CRD from rat, human, chick, zebrafish, and Torpedo californica are shown, along with the sequences from mouse Frizzled-8 (mFz8) and human Ror1 and Ror2. Residue numbering for rat MuSK appears above the rat sequence, and residue numbering for mFz8 (according to Dann et al. 19 ) and hRor1/2 is in-line. As determined by PROCHECK, 37 secondary-structure elements for the MuSK-CRD structure appear above the MuSK sequences, and those for the mFz8-CRD structure (PDB code 1IJY) 19 appear below its sequence. A dashed line in the MuSK-CRD secondary structure indicates a disordered region. MuSK-CRD residues that are identical in the four species are boxed in the following Additionally allowed (%) 6.5
Generously allowed (%) 0
A PCR-amplified fragment of rat MuSK cDNA (residues 313-494) encoding MuSK-CRD and the extracellular juxtamembrane region was ligated into baculoviral transfer vector pAcGP67His-B (gift of Dr. Kermit Carraway, U.C.-Davis), and the sequence verified by automated DNA sequencing. This vector includes the secretion signal from the baculovirus envelope glycoprotein gp67 which is cleaved upon secretion, and an N-terminal His-tag. Recombinant baculovirus was generated by co-transfecting Spodoptera frugiperda (Sf9) cells with the pAcGP67HisB-Fz-CRD vector and linearized Baculogold DNA (BD Biosciences). For large-scale protein production, high-titer baculovirus was used to infect Sf9 cells in suspension culture at a density of 1-2 × 10 6 cells/ml. Cell medium containing the secreted MuSK-CRD was harvested 72 h post-infection by centrifugation and sterile-filtered through 0.22 μm filters. MuSK-CRD was purified by nickel-affinity chromatography (Ni-NTA; Qiagen), gel-filtration chromatography (Superdex 75, GE Healthcare), and anion-exchange chromatography (Source Q, GE Healthcare).
The protocol for selenomethionine labeling was derived from Bellizzi et al. 32 Sf9 cells were grown in suspension in EX-CELL 420 medium to a density of 2 × 10 6 cells/ml and infected with MuSK-CRD baculovirus. 24 h post-infection, the cells were harvested by centrifugation at 700 rpm for 10 min, the medium discarded, and cells washed in EX-CELL 421 medium lacking L-methionine (Sigma Aldrich) to remove traces of methionine-containing medium. Cells were then incubated for 4-6 h in EX-CELL 421 medium to deplete the cellular pool of L-methionine. After this depletion period, the cells were harvested by centrifugation, and resuspended in L-methionine-deficient EX-CELL 421 medium supplemented with 50 mg/L L-selenomethionine (ACROS). Cells were maintained in labeling medium for an additional 48 hr, at which time MuSK-CRD-containing medium was collected, and protein purified as described above. The efficiency of selenomethionine incorporation was determined by MALDI-TOF analysis of trypsinized MuSK-CRD. In two independent experiments, selenomethionine labeling occurred at 55 and 60% efficiency.
Crystals of wild-type, glycosylated MuSK-CRD at 10-15 mg/ml were obtained at 22°C in hanging drops (1:1 v:v ratio) with reservoir buffer containing 25-30% polyethylene glycol 4000, 0.1 M Tris, pH 8.5, 0.2 M sodium acetate, and 3-5% glycerol. Crystals belong to space group P2 1 with unit cell dimensions of a=65.59 Å, b=44.42 Å, c=69.53 Å, 〈=©=90°, and ®=108.27°. There are two MuSK-CRD molecules in the asymmetric unit with a solvent content of approximately 44%. Prior to stream freezing in liquid nitrogen, crystals were equilibrated in a series of cryosolvents containing 10%, 15%, and 20% glycerol. A 2.1 Å native dataset was collected at beamline X4A, National Synchrotron Light Source, Brookhaven National Laboratory, and a 2.3 Å dataset from a single selenomethionyl-substituted crystal was collected on beamline X4C at λ=0.9787 Å, just above the selenium absorption peak. Image indexing, integration and scaling were performed using HKL2000 33 .
a The overall value is given first, with the value in the highest resolution shell (2.38-2.30 Å or 2.18-2.10 Å) given in parenthesis.
b R sym = 100 × Σ|I -<I>|/ΣI. d For bonded atoms.
